Double strand breaks (DSBs) are one of the most toxic lesions to cells. DSB repair by the canonical non-homologous end-joining (C-EJ) pathway involves minor, if any, processing of the broken DNAends, whereas the initiation of DNA resection channels the broken-ends toward DNA repair pathways using various lengths of homology. Mechanisms that control the resection initiation are thus central to the regulation to the choice of DSB repair pathway. Therefore, understanding the mechanisms which regulate the initiation of DNA end-resection is of prime importance. Our findings reveal that poly(ADPribose) polymerase 2 (PARP2) is involved in DSBR pathway choice independently of its PAR synthesis activity. We show that PARP2 favors repair by homologous recombination (HR), single strand annealing (SSA) and alternative-end joining (A-EJ) rather than the C-EJ pathway and increases the deletion sizes at A-EJ junctions. We demonstrate that PARP2 specifically limits the accumulation of the resection barrier factor 53BP1 at DNA damage sites, allowing efficient CtIP-dependent DNA end-resection. Collectively, we have identified a new PARP2 function, independent of its PAR synthesis activity, which directs DSBs toward resection-dependent repair pathways.
INTRODUCTION
Deoxyribonucleic acid (DNA) double strand breaks (DSBs) are one of the most toxic lesions to cells. If unrepaired or misrepaired, DSBs result in cell death or in genome instability, which could contribute to cancer development. Repair of DSBs by the canonical non-homologous end-joining (thereafter referred to as canonical end-joining or C-EJ) pathway involves minor, if any, processing of the broken DNA-ends and requires the Ku70/80 complex (Ku) and DNA-PKcs (1). Binding of DSBs by Ku (2, 3) and by 53BP1 in complex with its partner RIF1 and PTIP which coordinate the action of Rev7 (4-11) all facilitate C-EJ by preventing DNA end-resection by nucleases.
In contrast, the initiation of DNA resection channels the broken ends towards homology or microhomologymediated repair. This process is initiated by the MRE11-RAD50-NBS1 complex (MRN) together with CtIP, resulting in the formation of a 3 -single-stranded DNA (ssDNA) stretch (12) (13) (14) (15) . The DSBs can then be processed by homologous recombination (HR), single strand annealing (SSA), alternative-end joining (A-EJ) or microhomology-mediated template switching (MMTS) pathways (16) (17) (18) (19) .
When central key C-EJ proteins, such as Ku70/80 or ligase IV are not functional, the DSBs are channeled to the A-EJ pathway after relatively short stretches of broken endresection (16, 17, 20) . The A-EJ is completed by the sealing of the break with the possible use of DNA sequence microhomology requiring the activity of poly(ADP-ribose) polymerase 1 (PARP1), polymerase and DNA ligase I and III (21) . In contrast extensive resection, catalyzed by the EXO1, DNA2 and BLM proteins (11, (22) (23) (24) , is required for channeling the repair towards HR (25, 26, 27) . The RPA complex that protects the ssDNA stretch generated by resection is replaced by RAD51, forming a nucleofilament in preparation for the subsequent homology search and strand invasion steps of HR (27) . When strand invasion cannot occur or fails, the annealing of two complementary sequences that present some homology, leads to repair by SSA (12, 17, 28) .
The C-EJ and HR pathways are both essentially conservative, whereas the A-EJ, SSA and MMTS pathways will in-exorably produce deletions and eventually insertions at the junction of the repaired DNA ends. Therefore, understanding the mechanisms which regulate DNA end-resection and control the appropriate channeling of broken DNA ends towards conservative or mutagenic repair, is of prime importance (1) .
The synthesis of polymers of ADP-ribose (PAR) is catalyzed by members of the poly(ADP-ribose) polymerases (PARP) protein family of which the activities of PARP1, PARP2 and PARP3 increase in response to DNA strand breaks (29) (30) (31) . The PARP catalytic inhibitors currently used in the clinic or under development target both PARP1 and PARP2 because of the remarkable conservation in the structure of their catalytic domain (32) . This high degree of similarity could in part explain the functional redundancies between the two proteins, in spite of the large differences in respective levels of enzymatic activity (29) . Indeed, PARP1 and PARP2 are equally important in suppressing genomic instability in response to DNA damage (33) , facilitating the repair of single-strand breaks (SSBs) (34) and restarting stalled replication forks (35) . They also play redundant functions in suppressing T-cell lymphoma (36) . However, PARP1 is preferentially activated by DNA nicks and DSBs, whereas PARP2 is predominantly activated by DNA gaps, flaps and recombination intermediates (37) (38) (39) (40) . Based on these DNA binding specificities it might be expected that PARP1 and PARP2 play different roles in DSB repair (DSBR).
PARP1 has been shown to be involved in the repair of DSB by the A-EJ pathway (41) and PARP3 promotes repair of DSB by the C-EJ pathway (30, 42) , however there is less direct evidence for an involvement of PARP2 in DSBR. For instance PARP2 expression is induced by mitomycin C in cervical cancer and by radiation and doxorubicin in hepatocarcinoma where it correlates with larger and more aggressive tumors (43, 44) . In addition, PARP2, but not PARP1 depletion, results in sensitivity to the DSB inducing agent neocarzinostatin (45) and PARP2 specifically protects against illegitimate IgH/c-myc recombination during class switch recombination in mice (46) . Taken together these observations suggest that PARP2 may be involved in DSBR, and prompted us to investigate the potential role of PARP2 in DSB repair by HR, SSA and EJ in human cell lines.
We present results highlighting an unsuspected strategic role for PARP2 in orienting the choice of DSBR pathways. We found that PARP2 limits 53BP1 accumulation at the site of DSB, thus favoring CtIP-dependent DNA end-resection. PARP2, together with BRCA1, enhances HR, SSA and A-EJ dependent DSBR. Moreover, the PAR synthesis activity of PARP2 is not required for its function in the DSBR pathway choice.
MATERIALS AND METHODS

Plasmid constructs
The eGFP-PARP-2, GFP-53BP1 and DsRed-Isce1 expression plasmids were a kind gift from Dr V. Schreiber (UMR7175CNRS, ESBS, Illkirch, France), D. A. Friedl (Angewandte Physik und Messtechnik LRT2, UniBW, Germany) and Dr A. Carreira (UMR3348, Institut Curie, Orsay, France) respectively. The eGFP-C1-FLAGKu70, eGFP-C1-FLAG-Ku80, eGFP-C1-FLAG-XRCC4 were obtained from Addgene (references #46957, #46958 and #46959). The eGFP-PARP-2 E545A protein (37) was obtained by mutation of the peGFP-PARP2 plasmid using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent) and verified by sequencing. The eGFP-PARP2 was rendered resistant to the siRNA PARP2#1 by introduction of silent mutations at the following nucleotide (5 -CTGATTCAATTGCTGGAAGATGAT-3 ).
Cell lines and transfection
The HF cell line is the simian virus 40 (SV40)-transformed derivative of AS3 primary fibroblasts isolated from a healthy donor (47) . The HF EJ-CD4 cell line (clone GC92) used to analyse EJ efficiency, is a derivative of the SV40-transformed GM639 human fibroblast cell line, containing the end-joining substrate (pCOH-CD4), as previously described (11) . The HF DR-GFP cell line (clone RG37) used to analyse HR efficiency, is a derivative of the SV40-transformed GM639 human fibroblast cell line, containing the homologous recombination (HR) substrate (pDR-GFP), as previously described (48) . The human bone osteosarcoma epithelial cell line U2OS DR-GFP (49) was used to analyse HR efficiency. The U2OS-SSA line (19) was used to analyse SSA efficiency. HeLa cell line silenced for BRCA1 (HeLa shBRCA1 was from Tebu-Bio (ref. 00301-00041) and the HeLa cell line silenced for PARP1 (HeLa shPARP1) was previously described in (45) . All cell lines were grown at 5% CO 2 , 37
• C in Dulbecco's modified Eagle's medium (DMEM) supplemented with antibiotics and 10% FCS. All tissue culture reagents were from ThermoFisher Scientific. Bleomycin was obtained from the Institut Curie hospital, the PARP inhibitor Veliparib (also known as ABT-888) was purchased from ENZO Life Science. For protein depletion, cells were transfected with 20 nmol of the targeting siRNA with Interferin (Ozyme, France) according to the manufacturer's instructions. Gene-specific siRNAs for PARP2 (#1 5 -CUAUCUGAUUCAGCUAUUA-3 , #2 5 -GGUUACCAGUCUCUUAAGA-3 and #3 5 -G ACCAACACUAUAGAAACC-3 ), for PARP-1 (#1 5 -G AAAGUGUGUUCAACUAAU-3 and #2 5 -GGGCA AGCACAGUGUCAAA-3 ), for BRCA1 (5 -GGAACCU GUCUCCACAAAG-3 ), for CtIP (5 -GCUAAAACAGG AACGAAUC-3 ), for XRCC4 (5 -AUAUGUUGGUG AACUGAGA-3 ), for 53BP1 (5 -AGAACGAGGAGAC GGUAAUAGUGGG-3 ), for RIF1 (5 -AGACGGUGC UCUAUUGUUA-3 ) and negative control siRNA (SR-CL000-005) were obtained from Eurogentec. Plasmids were transfected with Jet-PEI (Ozyme, France) according to the manufacturer's recommendations.
Cell lysates, immunoblotting and immunofluorescence microscopy
Whole cell extracts were prepared by resuspending the cells in 50 mM Tris-HCl pH 7.5, 20 mM NaCl, 0.1% SDS, 1mM MgCl 2 ,10 mM ␤-glycerol phosphate and 1 mM sodium vanadate containing 50 U/ml of the DNase Benzonase (Merk Millipore) and protease inhibitors cocktail 1 (SigmaAldrich) and incubated at 4
• C for 20 min. The solubilized proteins were separated from the cell debris by centrifugation, denatured in Laemmli loading buffer and separated on SDS-PAGE gels. The protein contents were analysed by western blotting using the Odyssey reagents and imaging system (LI-COR Biosciences) according to the manufacturer recommendations. For protein immunofluorescence staining, cells were grown on glass coverslips. When cells were treated with bleomycin prior to immunostaining, the treatment at a final concentration of 25 g/ml was performed for 2 h in culture medium. For recovery, the cells were washed with drug-free medium and further incubated for the indicated time into drug-free media. The cells were washed in PBS then soluble proteins were pre-extracted for 5 min on ice in 20 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 10 mM Hepes pH 7, 1 mM EGTA, 0.5% Triton X-100 and fixed in 4% paraformaldehyde at room temperature. Prior to performing the immunostaining, the cells were incubated for 10 min with 0.2% Triton X-100 in PBS and blocked for 30 min in BSA 5%. Primary antibody incubations were done overnight at 4
• C. After three washes with 0.5% Triton X-100 in PBS, cells were incubated with appropriate Alexalabeled secondary antibody (Molecular Probes) for 2 h at room temperature. Cells were washed three times with 0.5% Triton X-100 in PBS and DNA was counter-stained with 0.1 ug/ml 4 ,6-diamidino-2-phenylindole (DAPI) in PBS before mounting in fluorescent mounting medium (DAKO). Images were taken using a large field Leica 3D microscope at the 63× objective (Leica microsystem). Antibodies used in this study were 
Flow cytometry
Cell cycle analysis was performed by collecting the cells followed by an overnight fixation in 70% ethanol at -20
• C. Cells were rehydrated in PBS containing 0.25% Triton X-100 for 15 min and incubated in PBS containing 25 g/ml propidium iodide and 25 g/ml RNase for 15 min at 37
• C. For flow cytometry analysis at least 30 000 cells were acquired using a FACScalibur (BD Biosciences) and data were processed using the FlowJo software (FlowJo, LLC). Quantification of RPA accumulation at the chromatin according to the cells DNA content was performed as previously described (50).
Live-cell microscopy and laser micro-irradiation
Laser micro-irradiation experiments were essentially performed as described previously (45) with some modifications. Briefly, the cells were grown on plastic -Dish 35 mm (Ibidi) and transfected with the eGFP fusion protein expression plasmid 48 hours prior to imaging. The cells were presensitized by adding 10 g/ml of Hoechst dye 33258 to the medium for 5 min at 37
• C. The recruitment and the realtime follow-up of the protein of interest was carried out using a Confocal Leica SP5 system equipped with a 37
• C heating chamber attached to a DMI6000 stand using 63×/1.4 objective of the PICT-IBiSA Orsay Imaging facility of Institut Curie. DNA photodamage were locally induced using a 2-photon laser set to minimal power at 810 nm and focused onto a single spot of constant size (176 nm) within the nucleus to generate a point of photodamage. When indicated, recruitment of the protein of interest was followed for 10 min using a 488 nm argon laser line. The fluorescent protein enrichment at the photodamage site was extracted with the ImageJ software using an in house developed macro (45) . Experiments were performed at least three times for each protein of interest.
DNA repair assay
The following cell lines were used to monitor efficiency of I-Sce1 induced DNA DSB repair: the HF EJ-CD4 (clone GC92) was used to analyse end-Joining efficiency, the HF DR-GFP (clone RG37) line and the human bone osteosarcoma epithelial cell line U2OS DR-GFP were used to analyse HR efficiency and the U2OS-SSA line was used to analyse SSA. DNA repair analysis is performed as follows, one day before transfection with siRNA, 1.5 × 10 5 cells were plated in 60 mm petri dish. After two days, the cells were then transfected with the pDsRed-ISce1 plasmid. Cells were collected after a further 48 hours incubation. The GFP positive cells for the DR-GFP and the SSA cell lines were scored by flow cytometry (FACS calibur, BD Biosciences). For the EJ assay performed in the HF EJ-CD4 line, cells were fixed in 2% paraformaldehyde for 15 min and blocked with 5% BSA in PBS for 30 min. Cells were incubated for 45 min with an 0.5 ug of an anti-CD4 coupled to FITC in 5% BSA/PBS. The cells were washed in PBS before CD4 positive evens were scored by flow cytometry. The relative repair efficiency was determined by correcting the proportion of GFP or CD4 positive cells for the transfection efficiency deduced from the fraction of DsRed positive cells in each sample.
DNA sequence analysis of EJ events
Genomic DNA from HF EJ-CD4 was extracted from frozen cell pellets following DNA repair experiments and PCR amplified with Herculase II Polymerase (Agilent Technologie) using the primers CMV-5 'ATTATGCCCAGTA CATGACCTTATG' and CD4int 'GCTGCCCCAGAAT CTTCCTCT' flanking the junction point. The PCR products were gel purified and cloned into the pCR II-Blunt-TOPO vector (Thermo Fisher Scientific) and sequenced (GATC Biotech). Events are categorized in two classes according to the DNA sequence found at the repair junction. The events limited to the 3 Pnt are repair events for which the sequence at the repair junction includes at least one of the four nucleotides from the 3 Pnt generated by I-SceI cleavage. The events with deletion exceeding the 3 Pnt, are events for which the sequence at the repair junction have four or more of the nucleotides at the I-SceI cleavage site that have been deleted.
Colony formation assay
Cells were transfected with siRNAs, incubated for 48 hours and then trypsinised, counted. For bleomycin treatment, the cells in suspension were supplemented with medium containing bleomycin at the indicated concentration and incubated for 1 hour at 37
• C. Following drug dilution, cells were seeded at 1000 cells per well in six-well culture plates in triplicate. The cells were fixed with ethanol 96% after 7 days, and stained with Coomassie blue R250 (0.05%). Colonies of more than 20 cells were counted. Irradiations were carried out at room temperature using low-energy Philipps MCN-323 X-ray generator (200-kVp, 0.3-mm copper and 1-mm aluminum additional filtration, 80-keV effective energy) operating at 21 mA with a dose rate of 1 Gy/min.
Statistical analysis
Unless stated otherwise, statistical analysis performed in the manuscript are standard two-tails t-test performed using the Graphpad PRISM software. *P < 0.05; **P < 0.01; ***P < 0.001 and ns, not significant.
RESULTS
PARP2 depletion alters DSB repair efficiency
To investigate the role of PARP2 in the response to DSB, we constructed an SV40-transformed human normal fibroblast cell line (HF) stably expressing a short hairpin RNA (shRNA) to downregulate PARP2 (HF shPARP2) (45) . The cells were irradiated with X-rays and treated with the radiomimetic drug bleomycin, both of which generating SSBs and DSBs (51) . Compared to the control cell line (HF shcontrol), PARP2 depleted cells (HF shPARP2) were significantly more sensitive to both X-rays ( Figure 1A ) and bleomycin ( Figure 1B) . These results indicate a role of PARP2 in both SSBs and DSBs processing.
Next, we determined whether PARP2 could contribute directly to the repair of a single I-Sce1-induced DSB in intrachromosomal reporter substrates. We used three cellular models in which the I-Sce1-cut is a substrate for HR (HF DR-GFP and U2OS DR-GFP cell lines), or for C-EJ and A-EJ (HF EJ-CD4 cell line) (see Supplementary Figure S1A and B and Materials and Methods section for detailed cell lines' description) (11, 48, 49) . We first investigated whether PARP2 could modulate the efficiency of HR. PARP2 silencing with three different siRNAs ( Figure  1C and Supplementary Figure S1G ) resulted in a significant decrease in HR relative efficiency in both HF DR-GFP ( Figure 1D ) and U2OS DR-GFP ( Figure 1E ) cell lines when compared to the control siRNA treated cell lines. We then evaluated the role of PARP2 in EJ repair. We observed that silencing of PARP2 in the HF EJ-CD4 cells, with each of the three siRNAs, resulted in a significant increase in EJ relative efficiency compared to the control siRNA treated cells ( Figure 1F ). In comparison, PARP1 silencing with two different siRNAs ( Supplementary Figure S1F and G) did not alter neither HR relative efficiency in HF DR-GFP and U2OS DR-GFP cells, nor EJ relative efficiency in HF EJ-CD4 cells, compared to control siRNA treated cells (Supplementary Figure S1C-E) . Given that siPARP2#1 had the greatest effect on EJ relative efficiency ( Figure 1F ), that siPARP1#1 gave the strongest knockdown efficacy (Supplementary Figure S1F and G) and siPARP2#1 and siPARP1#1 increased the relative frequency in ␥ -H2AX foci formation after bleomycin (Supplementary Figure S1H ) without affecting the cell-cycle distribution (Supplementary Figure S1I) , they were used for all subsequent experiments. Taken together, these results suggest a specific role for PARP2 for promoting HR and inhibiting EJ during DSBR.
PARP2 promotes HR and A-EJ, independently of its PARylation activity
In response to DNA damage, PARP1 produces approximately 85% of the overall cellular PARylation (29) . Efforts to identify PARP-specific PARylation targets have revealed that PARP1 and PARP2 have both common and specific modification targets (52, 53) . To address whether the PARylation activity of PARP2 was necessary for DSBR regulation, we treated both HF DR-GFP and HF EJ-CD4 cell lines depleted of PARP1 with 10 M of the PARP inhibitor Veliparib which suppressed PAR synthesis activity in presence of damaged DNA (Supplementary Figure S1J and K). We found that treating the PARP1 depleted cells with Veliparib had no effect on HR ( Figure 2A ) and EJ ( Figure 2B ) relative efficiencies. In addition, we observed that the Veliparib treatment had no effect on the HR and EJ efficiencies in the siControl treated cells nor in the PARP2 depleted cells (Figure 2A and B) . These results suggest that the role of PARP2 in modulating DSBR is independent of its PARylation activity and that PARP1 activity does not affect DSBR either in the presence or in the absence of PARP2.
To directly test this possibility, the HF EJ-CD4 cells were stably transfected with a construct expressing either the GFP fused full-length wild type PARP2 protein (GFP-PARP2) or the PAR synthesis mutant PARP2 E545A protein (GFP-PARP2 E545A) (Supplementary Figure S2A-B) . We confirmed that the E545A mutant has no detectable PARylation activity ((37) and Supplementary Figure S2C) , and that both the wild type and the PARylation E545A mutant proteins were readily recruited to the site of laser microirradiation induced DNA damage ((54) and Supplementary Figure S2D ). We found that PARP2 silencing by siRNA sensitized HF EJ-CD4 cells to bleomycin, and the reintroduction of either the siPARP2 resistant wild type PARP2 or PARP2 E545A mutant fully restored the survival efficiency of PARP2 depleted cells, to the level of control cells (Figure 2C) , suggesting that PARP2 facilitates DSB repair independently of its PARylation activity. In addition the reintroduction of the wild type form or the PARylation dead mutant of PARP2 fully restored the relative EJ efficiency in HF EJ-CD4 cells (P = 0.0018 and P = 0.0016, respectively, Figure 2D ). These results allowed us to rule out possible off-targets effect of the siRNAs and to confirm that PARP2 inhibits EJ and promotes cell survival upon DNA damage independently of its PARylation activity.
Interactions between PARP2 and the Ku heterodimer have been reported in vivo (52, 55, 56) , thus we next examined if PARP2 could limit C-EJ efficiency by hindering the accumulation of the core EJ proteins at DNA damage sites. We were transfected with the indicated siRNA for two days. When indicated, the PARP inhibitor Veliparib (10 M) was added to the cell culture medium 1 h before transfection with the DsRed-I-SceI expression plasmid and kept until the relative repair efficiency was analysed. Data represent mean ± SEM from five experiments. **P < 0.01; ***P < 0.001; ns, not significant. (C) Clonogenic cell survival was measured in HF EJ-CD4 cells transfected with the indicated siRNA and complemented with the wild type GFP-PARP2 or the PAR synthesis dead mutant GFP-PARP2 E545A. Cells in suspension were exposed to the indicated bleomycin concentration for 1 h before plating in drug-free media. Each treatment was repeated four times in triplicate. Data represents the mean ± SEM. *P < 0.05; ns, not significant. (D) The EJ repair efficiency was measured in HF EJ-CD4 cells transfected with the indicated siRNA and complemented with the wild type GFP-PARP2 or the PARylation dead mutant GFP-PARP2 E545A. Data represent mean ± SEM from three experiments, **P < 0.01; ***P < 0.001. (E) PARP2 depletion lowers the A-EJ repair efficiency. Analysis of the DNA sequence of repair junction from HF EJ-CD4 cells depleted for PARP1 or PARP2 and complemented or not with the wild type GFP-PARP2 or the PAR synthesis dead mutant GFP-PARP2 E545A. The EJ repair events are categorized according to the DNA sequence found at the repair junction. The events limited to the 3 Pnt are repair events for which the sequence at the repair junction includes at least one of the four nucleotides from the 3 Pnt generated by I-SceI cleavage; these events are dependent on the C-EJ pathway. The events with deletion exceeding the 3 Pnt, are events for which the sequence at the repair junction have four or more of the nucleotides at the I-SceI cleavage site that have been deleted; these events are dependent on the A-EJ pathway. Numbers indicate the percentage of junction events of either type and result from the analysis of 36-147 junction sequences per condition. (F) The graph represents the percentage of events with deletion of more than 20 base pairs at the repair junction. *P < 0.05, statistics are presented only when differences are significant.
observed that the kinetics of EGFP-Ku80, EGFP-Ku70 and EGFP-XRCC4 recruitment at sites of laser-induced DNA damage is not altered in PARP2-depleted HeLa cells (Supplementary Figure S3A-D) . Also, PARP2 and XRCC4 depletion had independent effects on EJ efficiency (Supplementary Figure S3E and F). Thus, we can exclude the possibility that PARP2 is regulating core C-EJ factors.
To gain more insight into the mechanism behind PARP2 s function during EJ, sequences at the EJ repair junctions in HF-EJ-CD4 cells were analyzed ( Figure 2E and Supplementary Table S1 ). The EJ repair events were categorized into two classes according to the repair mechanism leading to the DNA sequence found at the repair junction (Supplementary Figure S1A and Supplementary  Table S1 ). It was previously established that the repair of the I-Sce1 cleavage site by C-EJ was restricted to the four nucleotides of the 3 -protruding ends (3 -Pnt) generated by I-Sce1, whereas the repair of the I-Sce1 cleavage site by the non-conservative A-EJ involves deletions exceeding the four nucleotides of the 3 -Pnt (Supplementary Figure S1A and (20,57)). We found that the EJ repair events in the siControl or siPARP1 treated cells where evenly distributed between events involving 4 of the 3 -Pnt and deletions exceeding the 3 Pnt. This is consistent with PARP1 s role in the repair by A-EJ, only in the absence of functional Ku (41, 58, 59) . In contrast, the frequency of events including the 3 Pnt reached 64% in PARP2 depleted cells ( Figure 2E ), indicating that PARP2 is promoting A-EJ. In addition, the frequency of repair events with deletions of more than 20 nucleotides beyond the 3 Pnt was decreased by 38% in PARP2 depleted cells compared to that of the control cells (P = 0.0335, Figure 2F ). The expression of wild type PARP2 or PARP2 E545A restored both A-EJ frequencies and the deletion sizes to levels similar to that of control cells ( Figure  2E-F) .
These findings reveal a new function of PARP2 in modulating DSBR pathway choice that is independent of its PARylation activity. The observations that PARP2 does not affect the recruitment of core C-EJ factors but promotes HR, A-EJ and contributes to an increase in the deletion sizes at A-EJ junctions suggest a role of PARP2 in promoting resection during the repair of broken DNA-ends.
PARP2 stimulates DNA end-resection
The initiating step of DNA end-resection is shared between HR and A-EJ repair pathways and limitation or inhibition of the resection favors the DSB repair by the C-EJ pathway (1). PARP2 depletion reduces HR and A-EJ relative efficiency and decreases the size of the deletion at A-EJ repair junctions and also increases the usage of C-EJ. From these observations we hypothesised that PARP2 depletion could impede DNA end-resection. Resection at broken DNA ends is essential for RAD51 filament formation on ssDNA to drive strand exchange with a homologous template during HR. We thus quantified the formation of RAD51 foci detected by immunofluorescence after bleomycin treatment in U2OS cells. We found a strong reduction in RAD51 mobilization after bleomycin exposition in cells depleted for PARP2 (P < 0.0001) ( Figure 3A-B) . Exogenous expression of the wild type form or the PAR synthesis dead mutant of PARP2 fully restored RAD51 foci assembly in response to bleomycin in the siPARP2 treated U2OS cells ( Figure 3A and Supplementary Figure S3G) . These results suggest that PARP2 stimulate HR independently of its PAR synthesis actvity.
We also quantified by flow cytometry the accumulation of the single strand DNA binding complex RPA at the chromatin of bleomycin treated cells. We observed that the absence of PARP2 impedes the induction of the RPA signal at the chromatin after bleomycin treatment in U2OS cells (P = 0.0047, 6 h post bleomycin treatment, Figure 3C and D) and HeLa cells (P = 0.0073, Supplementary Figure  S3H ). PARP2 depletion also led to a strong reduction of the frequency of bleomycin-induced RPA foci detected by immunofluorescence in U2OS cells (P = 0.001, Supplementary Figure S3I ). To directly assess the presence of singlestranded DNA in response to bleomycin exposure, we analysed BrdU signals by immunofluorescence without DNA denaturation. The depletion of PARP2 in U2OS cells significantly diminished the formation BrdU foci induced by bleomycin treatment (Figure 3E and F) . The observations that PARP2-deficiency results in a significant reduction in the formation of Rad51 foci, RPA accumulation at the chromatin and BrdU foci detection after bleomycin treatment indicates that PARP2 favors broken DNA end-resection.
PARP2 stimulates DNA end-resection by preventing 53BP1 accumulation
The resection barrier established by 53BP1 and its effector RIF1 favor C-EJ and impedes the HR, SSA and A-EJ pathways (5, 6, (8) (9) (10) (11) . Based on our results we speculated that PARP2 might alleviate the end-resection barrier sustained by 53BP1. To test this we analysed 53BP1 foci assembly in response to bleomycin in U2OS cells. PARP2 depletion greatly increased the average number of bleomycin-induced 53BP1 foci in U2OS cells nuclei (P < 0.001, Figure 4A and B). The increase in number of bleomycin-induced 53BP1 foci in siPARP2 treated U2OS cells was suppressed by the reintroduction of either the wild type PARP2 or PARP2 E545A mutant (P < 0.001 and P < 0.001, respectively) (Figure 4A and B) . We next monitored the dynamics of GFP-53BP1 recruitment at sites of DNA damage induced by laser-microirradiation. We observed a significant higher enrichment of the GFP-53BP1 protein at laser-induced DNA damage sites in PARP2-depleted cells, as early as 2 minutes post-irradiation (P < 0.001, Figure 4C and D) , whilst the depletion of 53BP1 had no effect on the dynamics of GFP-PARP2 recruitment at sites of DNA damage (Supplementary Figure S4G ). These results demonstrate that PARP2 limits the 53BP1 accumulation at sites of DNA damage independently of its PAR synthesis activity.
We next investigated the effect of 53BP1 silencing in PARP2-depleted cells on the repair efficiency of I-Sce1 cleaved sites. We found that the double depletion of 53BP1 and PARP2 ( Figure 4I ) suppresses the defect in HR (Figure 4E) , SSA ( Figure 4F ) in the U2OS SA-GFP cells ((19) and Supplementary Figure S4A) and A-EJ ( Figure 4G and H) of PARP2 depleted cells. In addition, the silencing of 53BP1 in the PARP2 depleted cells restores the C-EJ efficiency back to the levels seen in siRNA control cells (Fig-Figure 3 . PARP2 stimulates DNA end-resection. (A) Cell transfected for 48 h with the indicated siRNA were then complemented with the wild type GFP-PARP2 or the PAR synthesis dead mutant GFP-PARP2 E545A and treated or not for 2 h with 25 g/ml bleomycin and released into drug-free medium for 6 h (6 hours release). The cells were fixed and stained for the immunodetection of RAD51. Data represent mean number of foci per nuclei ± 95% CI from at least 850 cells analysed from three independent experiments. ***P < 0.001 (one-way ANOVA test). (B) Western blot analysis of whole cell extracts from U2OS cells transfected with the indicated siRNA. (C) The proportion of U2OS cells positive for RPA32 subunit signal is presented in siControl and siPARP2 transfected cells. Cell transfected for 48 h with the indicated siRNA were untreated (UT) or treated for 2 h with 25 g/ml bleomycin and then released in fresh medium for the indicated time points (0 h, indicates no release). The soluble proteins were extracted and the cells were stained for the immunodetection of the RPA32 subunit and analysed by flow cytometry. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. (D) Representative flow cytometry dot plot graphs showing the U2OS cell population treated as indicated and stained with propidium iodide (PI) and for RPA32 (RPA). (E) Analysis of the number of BrdU foci in siControl and siPARP2 transfected U2OS cells. Cells were transfected with the indicated siRNA for 48 h were treated or not for 2 h with 25 g/ml bleomycin and released into drug-free medium for 6 h (bleomycin release time, 6 h). Cells were then processed for BrdU immunofluorescence without DNA denaturation at the indicated time post-release. Data represent mean number of foci per nuclei ± 95% CI from a total of at least 850 cells analysed from three independent experiments. *P < 0.05; ns, not significant (one-way ANOVA test). (F) Representative images of U2OS cells fixed on coverslips and BrdU immunostained for foci quantification presented in (E). . PARP2 stimulates DNA end-resection by preventing 53BP1 accumulation at broken DNA ends. (A) U2OS cells were transfected for 48 h with the indicated siRNA and when indicated the siRNA transfected cells were complemented with the wild type GFP-PARP2 or the PAR synthesis dead mutant GFP-PARP2 E545A. The cells were treated or not for 2 h with 25 g/ml bleomycin and were released into drug-free medium for 6 h (6 h release). The cells were fixed and stained for the immunodetection of 53BP1. Data represent the mean number of foci per nuclei ± 95% CI from at least 1200 cells analysed from three independent experiments. ***P < 0.001 (one-way ANOVA test). (B) Representative images of U2OS cells fixed on coverslips, and 53BP1 immunostained for foci quantification presented in (A). (C) HeLa cells were transfected with siControl or siPARP2 for 48 h and were subsequently transected for 24 h with GFP-53BP1 fusion protein expression plasmid. For the recruitment analysis, 10 g/ml Hoechst 33258 was added to the culture medium 5 min before induction of DNA damage by micro-irradiation with a two-photon laser (810 nm). The irradiated cells were imaged every 10 s for 10 min. Data represents mean relative spot intensity ± SEM, n ure 4H). Importantly, depleting PARP2 has no effect on the protein levels of 53BP1 ( Figure 4I) . Silencing of the 53BP1 co-factor, RIF1, also partially rescued HR and EJ efficiency defect in cells depleted for PARP2 (Supplementary Figure  S4B-D) .
Collectively, our data clearly indicate that PARP2 is contributing to the DSBR pathway choice by limiting 53BP1 accumulation at sites of DNA damage, thus allowing broken DNA-ends resection dependent repair pathways in disfavor of the C-EJ.
PARP2 co-operates with BRCA1 to stimulate CtIPdependent end-resection
The resection step is initiated by the activity of the CtIP protein (60) . The action of CtIP is antagonized by the endresection barrier sustained by 53BP1 and its partners (61) . We speculated that the PARP2 protein might control CtIPdependent end-resection by limiting 53BP1 accumulation at broken-DNA ends. To investigate the relationship between PARP2 and CtIP proteins during DSBR, we downregulated PARP2 and CtIP expression in HF DR-GFP, U2OS SA-GFP and HF EJ-CD4 cells. CtIP depletion (Figure 5A ) led to a significant decrease in the relative efficiency of HR ( Figure 5C ), SSA ( Figure 5D ) and A-EJ ( Figure 5E -F) pathways which all depend on the initiation of broken DNA-ends resection. Conversely, CtIP depletion ( Figure  5A ) significantly increased the relative C-EJ efficiency (Figure 5E and F) . In addition, depleting PARP2 in the CtIP depleted cells did not affect the repair efficiency in CtIP depleted cells. These observations are in agreement with the well-established function of CtIP in initiating ssDNA formation at broken DNA-ends during homology-dependent repair (12, 13, 62) , and indicate that the function of PARP2 in promoting end-resection is dependent on CtIP.
It has been described that BRCA1 alleviates the barrier sustained by the 53BP1 pathway, allowing CtIPdependent DNA end-resection (63) (64) (65) and that the removal of 53BP1 in BRCA1 mutant cells is sufficient to allow CtIP-dependent DNA end-resection, which partially restores HR and SSA efficiency (5, (8) (9) (10) 61, 66) . Considering our data show that PARP2 is contributing to the DSBR pathways choice by limiting 53BP1 accumulation at sites of DNA damage, we investigated whether PARP2 and BRCA1 cooperate in promoting HR, SSA and A-EJ and in suppressing C-EJ. The silencing of BRCA1 ( Figure 5B ) reduced HR ( Figure 5C ), SSA ( Figure 5D ) and A-EJ (Figure 5F ) efficiency, this is similar to the effect of CtIP or PARP2 depletion on these repair pathways. The depletion of PARP2 in BRCA1 depleted cells ( Figure 5B ) did not further reduce HR ( Figure 5C ), SSA ( Figure 5D ) and A-EJ ( Figure 5F ) efficiency, indicating that both proteins function together for the repair of I-Sce1 induced-cut by these resection-dependent pathways.
BRCA1 not only promotes end-resection dependent DSBR, it is also required for the efficient repair of I-Sce1 induced-cut by EJ (67) (68) (69) (70) . We confirmed that BRCA1 depletion significantly reduces the EJ efficiency ( Figure 5E ). In addition, the EJ efficiency in cells depleted of PARP2 or 53BP1 is further decreased when BRCA1 is also depleted in these cells ( Figure 5E and Supplementary Figure S5) , suggesting that BRCA1 is promoting both A-EJ and C-EJ. These results indicate that the role for BRCA1 in promoting C-EJ is distinct from the role of PARP2 which suppresses C-EJ by limiting 53BP1 accumulation at DNA damage sites (Figure 4 ). Our observations are in agreement with the previously identified role for BRCA1 in promoting C-EJ independently of 53BP1 (68) .
To further characterize the genetic interactions between PARP2 and BRCA1 during DNA repair, we analysed the importance of these proteins in promoting cell viability in response to bleomycin. The depletion of either PARP2 or BRCA1 increased HeLa cells sensitivity to bleomycin, whereas the relatively high sensitivity of BRCA1-depleted HeLa cells to bleomycin did not further increase when PARP2 was depleted ( Figure 5G-H) . Taken together, these observations indicate that PARP2 and BRCA1 contribute together to DSBR by the HR, SSA and A-EJ pathway, and also confirm that the role for BRCA1 in C-EJ is independent of 53BP1.
DISCUSSION
In this study, we describe a new function for the PARP2 protein in controlling DSBR pathway choice. Indeed, we show that PARP2 prevents the accumulation of 53BP1 at damaged chromatin and allows CtIP-dependent broken DNA end-resection. Therefore, we propose a model in which PARP2 is limiting the accumulation of the resection barrier imposed by 53BP1 at broken DNA ends, which in turn together with BRCA1 favors the channeling of DSB repair towards resection dependent repair pathways (HR, SSA and A-EJ) rather than C-EJ ( Figure 6 ).
We also reported that C-EJ inhibition and HR promotion by PARP2 were independent on its PARylation activity. Previously known PARP2 functions in DNA repair, such as preventing illegitimate IgH/c-myc translocations during class switch recombination (CSR) in mice (46) , or promoting the restart of stalled replication forks by HR (35) , were associated with its PARylation activity. The PARP2 function we report here, that does not require PARylation activity, is clearly new and distinct from the previously known PARP2 functions in DSBR.
Our observations that neither PARP1, nor PARP's catalytic activity, regulate DSBR efficiency is consistent with PARP1 s role in the choice of A-EJ only in the absence of functional Ku (41, 58, 59) . Nonetheless, it does not preclude a potential role of PARP1 and its catalytic activity for DSBR in a more complex chromatin context. Indeed, PARP1 is important for the recruitment of several chromatin remodelers, which in turn stimulate the recruitment of DNA repair factors at the damaged chromatin (71) (72) (73) .
53BP1 is acting as a barrier to resection of the broken DNA ends, blocking CtIP/MRN-dependent ends processing (18, 74) . However, the end-resection defect or the genomic instability in a CtIP deficient context is not reverted by 53BP1 loss, showing that the displacement of 53BP1 and its partners is required for CtIP-dependent end-resection (61) . Likewise, our results highlight that the functions of PARP2 in stimulating HR, SSA and A-EJ are dependent on the expression of CtIP, showing that PARP2 and CtIP present an epistatic interaction in promoting these path- Values are mean ± SEM from at least four (HF DR-GFP) and least three (U2OS SA-GFP) independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. (E) The relative repair efficiency of I-SceI-induced double strand ends by EJ in the HF EJ-CD4 cells transfected with the indicated siRNA was determined. Data represent mean ± SEM from at least three experiments. *P < 0.05; **P < 0.01; ns, not significant. ways, which in turn repress C-EJ. In addition, considering that both the increase in the relative C-EJ efficiency and the decrease in HR observed when PARP2 is absent are fully reverted when the resection barrier imposed by 53BP1 is removed, further suggests that PARP2 does not directly stimulate the catalytic reaction of end-resection. Instead, we propose that PARP2 limits the accumulation of 53BP1 at broken DNA ends in favor of CtIP/MRN-dependent endresection, thereby placing PARP2 upstream of CtIP/MRN DNA end-processing functions.
How PARP2 is regulating the recruitment of 53BP1 remains to be fully understood. To date, the initial recruitment of 53BP1 to DNA damage sites has been shown to be modulated by several mechanisms. First, 53BP1 recruitment is dependent on H2AK15 ubiquitylation by the RNF8 and RNF168 ubiquitin ligases in response to DNA damage (75) . Second, the displacement of the TIRR protein from 53BP1 s tudor domains and the degradation of the JMJD2A and L3MBTL1 proteins allows 53BP1 binding to H4K20me2 (76) (77) (78) (79) . Third, the BLM helicase has been shown to stimulate the assembly of 53BP1 foci after gamma irradiation (11) . It has been reported that up-regulation of the RNF168 pathway is sufficient to compensate for the defect in 53BP1 foci formation caused by the low abundance of ubiquitin in cells treated with the proteasome inhibitor MG-132 (80) . We found that 53BP1 foci formation were prevented in PARP2 depleted cells treated with the MG-132 (Supplementary Figure S4E-F) , suggesting that PARP2 is not acting through the downregulation of RNF8-RNF168 pathway. PARP2 protein has a strong affinity for phosphorylated broken DNA-ends (40, 54) , and we also observed that the in vivo affinity of PARP2 for RIF1 was not affected by bleomycin treatment (Supplementary Figure S4H) but found no evidence for direct PARP2 and 53BP1 interactions (data not shown). We cannot however exclude the possibility that PARP2 could suppress the role of the RIF1 protein partner TIRR in the unmasking of 53BP1 s tudor domains (81) , thereby regulating indirectly 53BP1 s recognition of H4K20me2.
We also found that the protective function of PARP2 against the genotoxic effect of bleomycin, a radiomimetic drug that directly induces SSBs and DSBs (with a 6:1 ratio) (51), depends on PARP2 protein expression and not on its PARylation activity. In S-phase, the progression of replication fork through unrepaired SSBs can also result in DSB. The requirement of PARP2 for the efficient formation of ssDNA, and the formation of HR foci in response to bleomycin, are consistent with the role for the PARP2 protein in regulating the accumulation of 53BP1 at broken DNA ends. However, PARP2 depletion did not further sensitize BRCA1 deficient cells to bleomycin despite its role in SSBs resolution (34) , suggesting that PARP2, in cooperation with BRCA1, promotes cells survival.
Several studies have shown that BRCA1 is involved in the regulation of end-resection initiation by displacing 53BP1 and its partners from DSBs (63) (64) (65) . Our results suggest that PARP2 and BRCA1 play similar roles in alleviating 53BP1-dependent barrier, thus facilitating the CtIPdependent DNA end-resection essential for HR and SSA to proceed.
In addition, we confirmed that BRCA1 and 53BP1 have distinct functions in stimulating EJ (this work and (68)). The observation that the absence of both BRCA1 and PARP2 restores EJ relative efficiency mostly through C-EJ, indicate that BRCA1 and PARP2 are not redundant during C-EJ. We speculate that the multiple functions of BRCA1, which include the removal of the Ku complex (68-70) as well as promoting limited end resection activities (67) , are required to support both C-EJ and A-EJ.
In conclusion, our findings identify a new crucial role for the PARP2 protein in regulating DSBR pathway choice, independently of its PARylation activity. PARP2 is limiting 53BP1 accumulation onto broken DNA, facilitating the CtIP-dependent DNA end-resection and thereby limiting the repair of double strand breaks by C-EJ. Moreover, our study reveals an independent function of BRCA1 in EJ that is yet to be elucidated. Further studies to decipher the PARylation activity-dependent and -independent functions of PARP2 during DSBR will be of prime importance in the context where small molecule inhibiting PAR synthesis appear likely to become a fundamental component in the management of patients with BRCA mutation associated tumors.
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